Dysfunction of the noradrenergic (NE) neurons is implicated in the pathogenesis of manic-depressive 18 psychosis (MDP). ErbB4 is highly expressed in NE neurons, and its genetic variation has been linked to MDP; however,
Introduction
increased immobility time and decreased latency to first surrender in the forced swim test ( Figure 6H , I), and reduced 172 sucrose preference in the sucrose preference test ( Figure 6J ).
173
To better understand the mechanisms underlying the effect of lithium on mania-like behaviors of TH-174 Cre;Erbb4 loxp/loxp mice, Western blotting and patch clamp recordings were performed to detect TH phosphorylation and 175 spontaneous firing of LC-NE neurons after lithium treatment, respectively. The phosphorylation of TH was significantly 176 decreased in TH-Cre;Erbb4 loxp/loxp mice receiving lithium ( Figure 6K , L), whereas no change was observed in the protein 177 levels of TH or the membrane-bound and soluble forms of COMT (MB-COMT and S-COMT, respectively) ( Figure 6K , 178 L). In addition, the spontaneous firing rates and interspike intervals of LC-NE neurons in TH-Cre;Erbb4 loxp/loxp mice were 179 both rescued after lithium treatment ( Figure 6M, N) .
180
These results indicate that NE neurons may be a potential target of lithium in the treatment of mania. In addition, the 181 rescuing effect of lithium on the behavioral abnormalities of TH-Cre;Erbb4 loxp/loxp mice further indicated that the 182 behaviors induced by ErbB4 deletion in LC-NE neurons are mostly mania-like phenotypes.
183

Increase in norepinephrine and dopamine contributes to mania-like behaviors in TH-
184
Cre;Erbb4 loxp/loxp mice behaviors of TH-Cre;Erbb4 loxp/loxp mice.
We show that disruption of ErbB4 in LC-NE neurons causes NMDA receptor-mediated hyperactive spontaneous firing 200 of LC-NE neurons and elevates CSF norepinephrine and dopamine concentrations, which induce mania-like behaviors 201 that could be rescued by lithium or noradrenergic and dopaminergic receptor antagonists. This is the first study to 202 demonstrate the function of ErbB4 in the regulation of behavior and mood by LC-NE neurons and of catecholamine 203 dyshomeostasis in the pathogenesis of mania-associated disorders such as MDP.
204
MDP is a severe psychiatric disorder with a long-term global disease burden; however, its pathogenic mechanisms 205 remain unknown (Harrison et al., 2017) . Despite the increase of norepinephrine in MDP patient brains in mania episodes 206 observed since early in the twentieth century (Manji et al., 2003; Post et al., 1973; Post et al., 1978) , a clear description of 207 a causal role played by norepinephrine in the pathophysiology of MDP is lacking. Here, for the first time, we 208 demonstrates direct causality between catecholamine dyshomeostasis and mania behavior, as well as the important role 209 of ErbB4 in MDP pathogenesis. Conditional ErbB4 deletion in LC-NE neurons increased the concentration of both 210 norepinephrine and dopamine in the CSF, which is consistent with clinical observations of MDP patients. By specifically 211 blocking the function of norepinephrine or dopamine, we restored the mania-like behaviors of TH-Cre;Erbb4 loxp/loxp mice,
212
providing strong evidence that elevated norepinephrine directly contributes to MDP pathogenesis. These findings will 213 facilitate a better understanding of the pathophysiology of diseases associated with mania beyond MDP. The increased 214 dopamine level may be attributable to the co-release of dopamine in NE neurons and the regulation of dopamine by NE Erbb4 is a genetic susceptibility gene for schizophrenia (Mei and Xiong, 2008; Pitcher et al., 2011) , with many 230 studies reporting the crucial role of ErbB4 in the pathogenesis of schizophrenia (Chong et al., 2008; Del Pino et al., 2013; 231 Hahn et al., 2006; Shamir et al., 2012) . While coding variants of Erbb4 have also been genetically associated with MDP (Chen et al., 2012; Goes et al., 2011) , direct evidence remains limited. We reveal that functional deficiency of ErbB4 in 233 LC-NE neurons facilitates the paroxysm of mania-like behaviors and increases spontaneous firing of LC-NE neurons 234 ( Figure 2A-D) . In contrast, conditional ErbB4 deletion in parvalbumin-positive GABAergic neurons in the frontal cortex 235 decreases the excitability of these neurons via KV 1.1 (Li et al., 2012) . These lines of evidence suggest that ErbB4 may 236 function differently in different neurons.
232
237
The NMDA receptor, especially its subunit isoform NR2B, is regulated by ErbB4 in the hippocampus and prefrontal 238 cortex (Bjarnadottir et al., 2007; Pitcher et al., 2011) . Consistent with previous studies on the influence of ErbB4 on 239 NR2B, we observed NR2B overexpression in LC tissue of ErbB4-deficient mice ( Figure 3A-B ). However, how ErbB4 240 deletion increases NR2B protein expression and how NR2B overexpression participates in the strengthening of NMDA 241 receptor function in the hyperexcitability of ErbB4-deficient NE neurons requires further investigation.
242
Past studies have reported ErbB4 mRNA to be highly expressed in the LC area (Gerecke, 2001) . We confirmed 243 ErbB4 protein expression in LC-NE neurons ( Figure 1F ). In addition, we functionally validated the presence of ErbB4 in 
248
Earlier research has shown that Cre is abundantly expressed in TH-Cre mouse lines in the NE and dopaminergic 249 neurons of the LC and midbrain, respectively (Lindeberg et al., 2004; Savitt et al., 2005) . Recent research used the TH- on ErbB4 function in different neuronal types. ErbB4 deletion in dopaminergic neurons in the midbrain led to deficits in 256 spatial/working memory but had no influence on locomotion or anxiety (Skirzewski et al., 2017) . In comparison, our mutant mice with ErbB4 deletion in LC-NE neurons presented significant hyperactivity and reduced anxiety ( Figure 4 ). probable explanation may be that Cre is inserted into different chromosomal loci and the surrounding genetic or 260 epigenetic elements may modify the spatial and temporal regulation of Cre gene expression.
261
Together, our findings demonstrate the importance of ErbB4 in LC-NE neurons in behavior and mood regulation and 
276
Immunohistochemical analysis 277
Mice were anesthetized with 10% chloral hydrate and perfused with ice-cold saline followed by paraformaldehyde (PFA)
278
(4%) in phosphate-buffered saline (PBS). Brains were removed and fixed in the same 4% PFA solution at 4°C overnight 279 and transferred to 30% sucrose in PBS for 2 d. Frozen brains were sectioned at 30 μm with a sliding microtome (Leica 280 CM3050 S, Leica biosystems) in the coronal plane. Slices were immersed in PBS with 0.02% sodium azide and stored at 281 4°C until further use. After incubation in blocking buffer containing 5% goat serum and 3% bovine serum albumin 282 (BSA) in PBST (0.5% Triton X-100 in PBS) for 1 h at room temperature, slices were incubated with primary antibodies 283 (rabbit tyrosine hydroxylase (TH)-specific antibody (1:700, Abcam), mouse ErbB4-specific antibody (1:300, Abcam)) in 284 blocking buffer at 4°C overnight. The slices were washed three times in PBST and incubated with Alexa Fluor 488-or 285 Alexa Fluor 543-conjugated secondary antibodies at 25°C for 1 h. All slices were counterstained with DAPI during final 286 incubation. Fluorescent image acquisition was performed with an Olympus FluoView FV1000 confocal microscope 287 using a 20× objective lens and analyzed using ImageJ software.
288
Western blot analysis.
289
Brain tissues were homogenized in RIPA lysis buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100,
290
1% sodium deoxycholate, 0.1% SDS, 1 mM PMSF, and phosphatase inhibitor cocktail (Cell Signaling Technology).
(sheep TH-specific antibody, 1:2,000, Millipore; rabbit TH-Ser40-specific antibody, 1:1,000, Millipore; rabbit ErbB4-294 specific antibody, 1:2,000, Abcam; rabbit norepinephrine transporter (NET)-specific antibody, 1:300, Millipore; rabbit 295 dopamine beta-hydroxylase (DBH)-specific antibody, 1:300, Abcam; rabbit GAPDH-specific antibody, 1:5,000, Cell
296
Signaling Technology; mouse catechol-o-methyltransferase (COMT)-specific antibody, 1:5,000, BD Biosciences; and 297 rabbit actin-specific antibody, 1:2,000, Cell Signaling Technology). The membranes were washed three times and then 298 incubated for 1 h with horseradish peroxidase-conjugated secondary antibodies in 4% BSA at 25°C. Immunoreactive 299 bands were visualized clearly by X-ray film exposure (ECL kit, Thermo Scientific) and analyzed using NIH ImageJ 300 software. Each experiment was repeated at least three times.
301
Surgery and microdialysis 302
Mice were deeply anesthetized with isoflurane (0.15% in oxygen gas) and mounted on a stereotaxic frame (RWD Life Mice were treated for 10 d with lithium chloride (600 mg L -1 ) in drinking water and were then subjected to behavioral 376 tests or sacrificed for Western blotting or patch clamp experiments (Dehpour et al., 2002; Roybal et al., 2007) . Prazosin 377 and SCH23390 were injected (i.p.) 30 min before the experiment.
378
Quantification and statistical analysis 379 The samples were randomly assigned to each group and restricted randomization was applied. The investigator was 
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Slices were obtained from Ai9;TH-Cre mice and stained with antibody to TH (green), a marker of NE and dopaminergic neurons.
593
Scale bar, 50 µm. B, Colocalization of TH and Cre/Tomato. Three mice were studied, with three slices chosen for each mouse. C, 
